Activation of the interferon-inducible 68-kDa protein kinase (referred to as P68) by double-stranded RNA catalyzes phosphorylation of the a subunit of eukaryotic protein synthesis initiation factor 2. We have analyzed the transient expression of mutant and wild-type kinase molecules in transfected COS ceils to examine the effects of the kinase on gene expression in the absence of other interferon-induced gene products. The wild-type P68 kinase was expressed inefficiently whereas a catalytically inactive P68 was expressed at 30-to 40-fold higher levels. Protein stability measurements and primer-extension analysis of human kinase-specific mRNA levels provided evidence that kinase expression was regulated at the level of mRNA translation. Further, cotransfection experiments revealed that the domain II catalytically inactive mutant could stimulate reporter gene protein synthesis in a transdominant manner. We also examined the expression of mutants with deletions in the N-terminal double-stranded RNA binding domains and found that a kinase construct lacking aa 156-243 was expressed at levels comparable to the wild type whereas a P68 construct lacking aa 91-243 was expressed at levels 70-fold higher. Both the inactive domain II P68 mutant and the deletion mutant lacking aa 91-243 were less inhibitory to growth in yeast due to the reduced ability to phosphorylate initiation factor 2a in vivo. In conclusion we have demonstrated that the P68 kinase can regulate mRNA translation primarily of its own mRNA and to a lesser extent ofa heterologous mRNA and that this regulation is notably affected by mutations in either the catalytic or N-terminal regulatory domains.
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The double-stranded (ds) RNA-activated kinase is a 68-kDa protein in human cells [thus referred to as P68 but also known as PKR (protein kinase-RNA activated), DAI (dsRNAactivated inhibitor), and Pl/eukaryotic protein synthesis initiation factor 2 (eIF-2)] and is one of >30 genes induced by interferon treatment (1) (2) (3) (4) (5) . Activation by dsRNA or polyanions causes P68 to be autophosphorylated and in turn to catalyze phosphorylation of its natural substrate, the a subunit of eIF-2, culminating in an inhibition ofprotein synthesis initiation (6) (7) (8) (9) . Early studies have suggested that the P68 kinase plays an important role in the cellular response to viral infection (1, 2, 4) , and there is now direct evidence for the antiviral role of P68 (10) . It is the activation of P68 by viral-specific RNAs that leads to the inhibition of protein synthetic rates in infected cells (11) (12) (13) (14) (15) (16) (17) . However, many viruses are capable of downregulating the activity of the P68 protein kinase, presumably to circumvent the deleterious effects on replication (1, 4, 18) .
It also has been postulated that the P68 kinase may play a pivotal role in the general regulation of protein synthesis and growth control in the absence of virus infection or interferon treatment (1) (2) (3) . For example, it has been suggested that P68 regulates the induction of certain protooncogenes and growth factors (19, 20) and adipocyte development (21, 22) ; further, cellular regulators of the kinase have now been identified (23) (24) (25) (26) . Direct evidence that the P68 kinase regulates cell growth has been provided by studies that show that kinase expression is growth-suppressive and/or toxic in insect and mammalian cells (27, 28) and in yeast (29, 30, 53 N-terminal P68 mutant with a deletion in a critical dsRNA binding regulatory domain were expressed at levels >35-to 70-fold higher than the wild-type P68. We further show that this expression was regulated at the level of protein synthesis.
MATERIALS AND METHODS
Construction of Vectors. The cDNAs encoding the entire human P68 gene (wild type, PK-WT, or PK-M1-the domain II mutant) were inserted into pcDNA1/NEO (Invitrogen) and it is important to note that the only differences in the kinase constructs were in the coding region (32) . For construction of pcDNAl/NEO-SEAP, a HindIII-Xho I fragment containing the complete coding region for the secreted embryonic placental alkaline phosphatase (SEAP) product was isolated from pBC12/SEAP (a gift of Bryan Cullen, Duke University; ref. 33 ) and inserted into similarily treated pcDNAl/NEO. pcDNA1/NEO plasmids encoding kinase molecules with aa 91-243 deleted (PK-M3) and aa 156-243 deleted (PK-M2) in the N-terminal region have been described (32) .
Transfection Analysis. COS-1 cells were maintained and transfected essentially as described (34) .
Protein Analysis of Transfected Cells. Western blot analysis was performed as described (27) with a mouse monoclonal antibody specific for the human P68 protein kinase (35) . For the measurement ofthe half-lives ofthe P68 kinase constructs, replicative transfected cultures were treated with cycloheximide (100 ,Ag/ml) to block de novo protein synthesis.
Assay of Protein Kinase Activity. Protein kinase activity was measured as described by Katze et al. (36, 37) . SEAP Reporter Gene Enzyme Assay. SEAP assays were performed as described by Berger et al. (33) and Garfinkel and Katze (38) .
Abbreviations: eIF-2, eukaryotic protein synthesis initiationfactor2; ds, double stranded; SEAP, secreted embryonic placental alkaline phosphatase; IEF, isoelectric focusing. ITo whom reprint requests should be addressed.
4621
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Preparation and Analysis of mRNAs. Total cytoplasmic RNA was isolated as described (39, 40) . Cytoplasmic poly(A)+ RNAs were isolated by oligo-d(T) chromotography. For primer-extension analysis, the following oligonucleotides were used to hybridize to polyadenylylated mRNA: P68, 5'-TTGCACATGCCGGAGCCGTTGTCGACGACG; Actin, 5'-CTGAGTGCTTGCGGCAGCGTGAAGCTAG-GAG; Neomycin, 5'-GTATGTATTAAGTTCCTCCAT-GAAGAAACC. For primer extension, primers were endlabeled with [32P]ATP by using T4 polynucleotide kinase with 2 x 105 cpm of the radiolabeled oligonucleotide hybridized with 5 ,ug of poly(A)+ mRNA (41) .
Expression of Protein Kinase Constructs in Yeast and Analysis of eIF-2a Phosphorylation. This analysis was performed essentially as described in Dever et al. (42) . Purified transformants were streaked on SD medium supplemented with tryptophan (SD), SD medium supplemented with tryptophan, leucine, isoleucine, and valine (SD+ Leu, flv), or SGAL medium supplemented with tryptophan (SGAL). On SD and SD+ Leu, Ilv media, the GAL-CYCI promoter driving P68 expression will be inactive. For the isoelectric focusing (IEF) analysis of eIF-2a phosphorylation, the yeast strains containing the P68 alleles were grown to exponential phase in SD+ Leu, Ilv medium after which they were transferred to SD medium and harvested after 13 hr. The IEF gels were analyzed as described (42 (32) . After DEAE-dextran-mediated transfection, cytoplasmic extracts were prepared and protein kinase expression was analyzed with a human-kinasespecific P68 monoclonal antibody (Fig. 1) . Western blot analysis identified wild-type and mutant protein kinases with the expected molecular masses and human kinase-specific proteins were not detected in cells transfected with vector alone. Although expression levels of the different constructs varied dramatically, PK-M2 was expressed at levels comparable to the P68-WT. In contrast, PK-M1 and PK-M3 were expressed at levels =z35-and 70-fold higher than P68-WT, respectively. The different levels of expression observed by Western blot analysis could arise from differential protein stabilities or from differences in the transcriptional or translational efficiencies of the kinase genes. To distinguish between these possibilities, we compared the half-lives of PK-WT and the "overexpressed" PK-M1 and PK-M3 proteins (Fig. 2 ). Extracts were prepared at the time of cycloheximide addition (0 time, lane A) or at 3 hr (lane B), 6 hr (lane C), and 9 hr (lane D) after drug addition. In accordance with earlier observations (11, 49) , all the kinase proteins had a til2 of 6-9 hr, showing that the expression differences probably are not due to differences in protein stability. The P68 Protein Kinase Regulates Gene Expression at the Level of mRNA Translation. We next examined the levels of kinase-specific mRNAs in the transiently transfected COS-1 cells by using primer-extension analysis. In the first experiment, we compared the mRNA levels ofPK-WT and PK-M1, the domain II mutant (Fig. 3A, arrow) . Equivalent levels of P68-specific mRNA were detected in both cases, strongly suggesting that transcription rates of the two constructs were identical. As control in the primer-extension analysis, we examined mRNA levels in cells transfected with the empty vector alone and found only a slower migrating unidentified band that was also observed in kinase-transfected cells. To , cytoplasmic extracts were prepared and analyzed on a Western blot as described in Fig. 1 . The blots containing the P68-WT were overexposed due to the low expression ofthe wild-type kinase relative to the other constructs. Laser densitometry revealed a 50%o reduction in P68-WT levels at 6 hr and PK-M1 and PK-M3 at -9 hr. demonstrate that similar amounts of mRNA were analyzed from each transfection, actin mRNA was quantitated using the appropriate probe (Fig. 3A) . To ensure that transfection efficiencies were similar for the PK-WT and PK-M1 constructs, we measured the expression of the neomycinresistance gene present in the pcDNAl/NEO vector. Comparable results were obtained in a separate experiment examining kinase mRNA levels in cells transfected with PK-WT, PK-M2, or PK-M3 (Fig. 3B, arrow) . Thus these results allow us to conclude that the mutant kinase expression is primarily regulated at the level of mRNA translation.
To provide further evidence for this translational regulation, we cotransfected the PK-WT or mutant kinases with a reporter gene encoding SEAP (33) . SEAP enzyme is secreted at high levels into the medium, where it can be readily assayed and quantitated (33, 38) . The results, representative of at least five experiments, showed that P68-WT, PK-M2, and PK-M3 lowered SEAP activity to a small degree compared to the control transfection of the SEAP construct with empty vector (Fig. 4) . In contrast, cotransfection with PK-M1 did not cause a decrease in SEAP enzyme levels but, rather, enhanced the synthesis of SEAP =2-fold compared to the vector/SEAP cotransfection and -3-fold relative to the cotransfections with the other kinase constructs. Finally, Northern blot analysis revealed that these changes in SEAP levels were not due to changes in SEAP mRNA levels but were rather due to alterations in protein synthetic rates (data not shown). The decrease (30-35%) in SEAP activity in cells cotransfected with PK-WT, PK-M2, and PK-M3 may be due to enhanced eIF-2a phosphorylation in transfected cells resulting either from the contribution of the exogenously introduced kinases or from activation of the endogenous monkey kinase by kinase-specific RNAs transcribed from the incoming plasmids (50) . That the less-active PK-M3 also slightly downregulated SEAP (Fig. 5) . The following several points can be made concerning these results. (i) The PK-WT was readily activated by heparin and by poly(I)-poly(C) at 1.0 and 10.0 ,ug/ml whereas the PK-M1 domain II mutation, which we showed (32) was inactive when synthesized in vitro, was completely inactive after in vivo synthesis; (ii) PK-M2, which was synthesized at levels comparable to that of PK-WT (Fig. 1) , gave only 2-to 3-fold less activity than PK-WT; and (iii) PK-M3, which was made at least 70-fold more efficiently than PK-WT, was only 3-fold more active, demonstrating that PK-M3 was 20-to 25-fold less active than the wild type per mole of kinase synthesized. Both PK-M2 and PK-M3 required higher levels of dsRNA for activation than PK-WT, in accord with the fact that both these mutants are severely defective in dsRNA binding (32) . These data indicate that the enhanced expression of the catalytic domain II mutant and the regulatory domain mutant PK-M3 is directly correlated with their reduced function as protein kinases.
Expression of PK-WT, PK-M1, and PK-M3 in Yeast. We next expressed P68-WT, PK-M1, and PK-M3 in a yeast strain lacking the endogenous eIF-2a kinase GCN2 (42) and measured growth rate, eIF-2a phosphorylation, and kinase expression in vivo. We have shown that expression of P68-WT in yeast H1894 inhibited growth and led to high levels of eIF-2a phosphorylation whereas expression of PK-M1 had no effect on yeast cells (53) . If the overexpression of PK-M3 in COS-1 cells was due to its defective function, we reasoned that PK-M3 would be less toxic in yeast, with a phenotype more similar to PK-M1 than PK-WT. We examined the growth of yeast containing the different P68 alleles on three media that dictated various expression levels of the kinase proteins: SD + Leu, Ilv, where expression would be the lowest; SD, where expression would be higher due to increased gene dosage; and SGAL, where the promoters would be the most active and kinase levels would be the highest (Fig. 6A) . As predicted, none of the kinase constructs were growth-suppressive on SD + Leu, Ilv, whereas on SD, P68-WT was growth-suppressive but PK-M1 and PK-M3 were not, presumably due to their reduced function. In contrast, on SGAL medium, the PK-M3 construct was toxic It is relevant to note that in these in vitro kinase assays, the levels of kinase autophosphorylation, which is dependent on the P68 phosphorylation state when the cells are harvested, do not consistently correlate with eIF-2a phosphorylation and as such are not a reliable measure of kinase activity (11, 36) . but P68-Mi was not. These results agree with our findings that PK-M3 is not catalytically dead, but only 20-to 25-fold A a--o less active than the wild-type protein kinase. In accordance with these results, IEF gels revealed that the level of eIF-2a phosphorylation in yeast cells grown in SD medium was highest for P68-WT, lower for PK-M3, and undetectable for PK-M1 (Fig. 6B) . Western blot analysis revealed that protein expression levels of the PK-M1 and PK-M3 were similar but higher than the P68-WT levels (data not shown).
DISCUSSION
We have presented evidence that the P68 protein kinase can regulate gene expression in vivo at the level of mRNA translation. Perhaps more significantly, we showed that this regulation can be dramatically altered by mutations in either the regulatory or catalytic domains. Since these experiments were done in the absence of virus infection and interferon treatment, these data demonstrate that the P68 protein kinase can act directly and alone to regulate mRNA translation. We conclude that the P68 protein kinase exerts its greatest effects on the translation of its own mRNA and much lower effects in trans on other cellular mRNAs. Thus we can only speculate that such autogenous regulation by the kinase may lead to a more global type of protein synthesis regulation in the cell. There are now several reports that suggest a critical physiological role for the protein kinase possibly as a result of its translational regulatory properties (19-22, 27-31, 50) . A major question that arises from the present report is why such dramatic differences exist between the expression and activity of PK-M2 and PK-M3 in the transfected COS-1 cells? We (27, 32, 46) and others (29, 30, 44, 45, 47) have shown that the N terminus of P68 contains regulatory domains that bind RNA activators and inhibitors of the kinase. Exactly what regions of the N-terminal half of the molecule are critical for binding has not yet been determined although domains between aa 11-77 and aa 101-167 may be important considering the sequence conservation that exists between these regions and other RNA binding proteins (45, 47) . In fact, a family of RNA binding proteins of which the murine and human dsRNA-activated protein kinases are members is now emerging (45, 47) . The P68 RNA binding motifs have thus far been identified only by their ability to promote dsRNA binding in a variety of in vitro studies. What may be more revealing are studies that correlate structural features with kinase function in vivo as we have attempted in this report and as has been reported by Thomis and Samuel (51) Based on the data presented in this report, we propose a hypothetical model that explains P68 protein kinase regulation of mRNA translation in eukaryotic cells. We suggest that, for the P68 kinase to be fully functional (i.e., to become autophosphorylated and fully active to phosphorylate eIF2a), it must dimerize with another P68 molecule using dsRNA as a bridge. We would therefore predict that P68-WT would inhibit its own expression (at the level of protein synthesis; Fig. 1 ) because it could readily form active dimers with itself or even potentially with the endogenous monkey kinase. PK-M2, though defective in dsRNA binding, would still be able to dimerize and become nearly fully functional, reducing its own expression (Fig. 5) . In contrast, PK-M1 would be overexpressed because, although able to dimerize, it is catalytically inactive and unable to phosphorylate eIF-2a. We propose that the minimally functional PK-M3 is overexpressed since this kinase molecule cannot dimerize as it lacks the critical domains necessary for efficient interaction with dsRNA. In support of this hypothesis, there is now biochemical evidence for P68 protein kinase dimers in mouse L cells (52) . This model also could explain why only the PK-M1 mutant functioned transdominantly to upregulate SEAP mRNA translation (Fig. 4) : PK-M1, but not PK-M3, can form inactive dimers via dsRNA with the endogenous monkey kinase and thus prevent its activity on eIF-2a.
